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Epidemiologic data suggest that environmental
and/or occupational exposure to minerals,
metals, and ﬁbers can cause lung disease (1–3).
These diseases typically develop over many
years after exposure to the agents. The most
studied fiber is asbestos (1–3). Man-made
mineral or vitreous ﬁbers can also be bioactive,
though their role in respiratory disease in
humans is not yet well established and is an
active area of study (4,5). There are more than
70 varieties of synthetic inorganic ﬁbers, cover-
ing over 35,000 applications, with different
physicochemical and morphological character-
istics. These include insulation materials (glass
wool, rock wool, slag wool), glass filaments
and microﬁbers, and refractory ceramic ﬁbers
(4). As a consequence of the extensive applica-
tions of these fibers, a significant fraction of
the population is exposed. Thus it is essential
to understand the basis of toxicity of respirable
ﬁbers. In this study, we focused on developing
a better understanding of the biological and
chemical reactivity of aluminosilicate fibers
and particles.
Epidemiologic and experimental data have
demonstrated that exposure to asbestos can
induce pulmonary inflammation, fibrosis of
the lower respiratory tract (asbestosis)(1–3,6)
and is a risk factor for developing bronchio-
genic carcinoma and mesothelioma (7).
Numerous studies have been performed over
the past 30 years to determine the mecha-
nism(s) by which asbestos causes disease, and
several hypotheses have been generated (8).
Activation of macrophages by phagocytosis of
the ﬁbers results in the formation of reactive
oxygen species (ROS) (1–3,6,9,10), where
ROS is a collective term that includes radicals
(superoxide anion, hydroxyl, peroxyl, and
alkoxyl radicals), and hydrogen peroxide
(H2O2). Iron bound to the ﬁbers can generate
hydroxyl radicals via the Fenton reaction,
which can initiate lipid peroxidation, resulting
in the production of intermediates that oxi-
dize intracellular proteins and DNA (11,12).
In this study, we focused on separating the
biological response (oxidative burst) and the
chemical reactivity (Fenton reaction) using
aluminosilicate crystals belonging to the zeo-
lite family. There are several reasons we chose
to examine zeolites as model systems. Even
though the exposure of zeolites to the general
population is quite limited, with possibly the
exception of detergents, there is a particular
zeolite called erionite that is highly toxic and
causes mesothelioma (13,14). Several other
zeolites have also been examined for their toxi-
city, but none so far has paralleled the effects
of erionite. Erionite is a naturally occurring
zeolite mineral that is far more carcinogenic
than crocidolite asbestos (13,15). The frame-
work of erionite is made up of interlocking
tetrahedra of silicate and aluminate tetrahedra,
is negatively charged, and can bind cations.
The toxicity of natural erionite is commonly
associated with the iron that accumulates on
its surface after it is deposited within the respi-
ratory epithelium (16,17). Mordenite is a nat-
ural zeolite with a chemical composition
similar to erionite, as well as ion exchange
abilities and to some extent a fibrous mor-
phology. It is not reported to be carcinogenic
and has been classiﬁed as being “slightly bio-
logically active”(17,18).
In this study, we examined three zeolites,
two of which are mineral zeolites, erionite
and mordenite, and zeolite Y, a synthetic zeo-
lite, extensively used as a catalyst. The biolog-
ical response and surface chemical reactivity
of the zeolites have been studied. For assess-
ment of biological response, we examined the
oxidative burst as a result of phagocytosis by
rat pulmonary alveolar macrophage-derived
cells (NR8383). We chose these cells because
they can be propagated in vitro and exhibit a
number of important macrophage character-
istics, such as surface Fc receptors, inter-
leukin-1 production and secretion, and
oxidative burst response (19). Our previous
studies dealt with phagocytosis of erionite by
the NR8383 macrophages (20,21).
For determining chemical reactivity, we
focused on the ability of the iron-exchanged
forms of the zeolites to produce hydroxyl rad-
icals from H2O2 (Fenton reaction). Both the
intracellular and extracellular release of ROS
by means of ﬂow cytometry and chemilumi-
nescence was studied. To distinguish cellular
responses induced by fiber interactions with
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Environmental and/or occupational exposure to minerals, metals, and fibers can cause lung dis-
eases that may develop years after exposure to the agents. The presence of toxic fibers such as
asbestos in the environment plus the continuing development of new mineral or vitreous fibers
requires a better understanding of the specific physical and chemical features of fibers/particles
responsible for bioactivity. Toward that goal, we have tested aluminosilicate zeolites to establish
biological and chemical structure–function correlations. Zeolites have known crystal structure, are
subject to experimental manipulation, and can be synthesized and controlled to produce particles
of selected size and shape. Naturally occurring zeolites include forms whose biological activity is
reported to range from highly pathogenic (erionite) to essentially benign (mordenite). Thus, we
used naturally occurring erionite and mordenite as well as an extensively studied synthetic zeolite
based on faujasite (zeolite Y). Bioactivity was evaluated using lung macrophages of rat origin (cell
line NR8383). Our objective was to quantitatively determine the biological response upon interac-
tion of the test particulates/fibers with lung macrophages and to evaluate the efficacy of surface
iron on the zeolites to promote the Fenton reaction. The biological assessment included measure-
ment of the reactive oxygen species by flow cytometry and chemiluminescence techniques upon
phagocytosis of the minerals. The chemical assessment included measuring the hydroxyl radicals
generated from hydrogen peroxide by iron bound to the zeolite particles and ﬁbers (Fenton reac-
tion). Chromatography as well as absorption spectroscopy were used to quantitate the hydroxyl
radicals. We found that upon exposure to the same mass of a specific type of particulate, the
oxidative burst increased with decreasing particle size, but remained relatively independent of zeo-
lite composition. On the other hand, the Fenton reaction depended on the type of zeolite, suggest-
ing that the surface structure of the zeolite plays an important role. Key words: erionite, faujasite,
Fenton reaction, fiber toxicity, mordenite, zeolites. Environ Health Perspect 110:1087–1096
(2002). [Online 12 September 2002]
http://ehpnet1.niehs.nih.gov/docs/2002/110p1087-1096fach/abstract.htmlthe plasma membrane from those induced by
phagocytosis, we treated subsets of cells with
the endocytosis inhibitor ammonium chlo-
ride. For surface chemical reactivity, we
focused on the ability of the zeolites to pro-
mote Fenton chemistry. Total exchanged iron
was quantiﬁed by elemental analysis, and sur-
face iron was determined by a novel method
utilizing the ion-exchange of surface iron by a
positively charged polymer. To quantify the
production of hydroxyl radicals, we used
DMSO as a trapping agent. Its decrease was
monitored by reverse phase liquid chro-
matography (RPLC) and by the formation of
methanesulﬁnic acid (MSA), a stable product
of the reaction of DMSO with hydroxyl radi-
cals by electronic spectroscopy. Conclusions
regarding the dependence of the oxidative
burst on particle size and zeolite composition
and the role of the zeolite surface structure on
the Fenton chemistry are presented.
Materials and Methods
Cell Culture 
The rat pulmonary alveolar macrophage-
derived cell line, NR8383, was obtained from
R. J. Helmke (University of Texas, Health
Science Center, San Antonio, TX). The cells
were cultured in Hams F12 medium (Sigma,
St. Louis, MO) supplemented with 15% fetal
bovine serum (Sigma) at 37°C in a humidiﬁed
atmosphere of 5% CO2 in 30-mL polystyrene
culture ﬂasks (Costar, Cambridge, MA). Cell
populations were expanded by weekly passage
at a ratio of 1:2. We determined cell viability
by trypan blue exclusion.
Zeolite Characterization
Size fractionation. Approximately 1 g of mor-
denite or erionite (Minerals Research,
Clarkson, NY) was added to 140 mL of water
in 150-mL beakers, and allowed to settle for
70 and 96 min, respectively (determined by
fiber density). The supernatant was then
removed, filtered under vacuum through a
0.80 µm pore size ﬁlter and dried in an oven
at 70°C. Zeolite Y obtained from Union
Carbide (Danbury, CT) did not require size
fractionation. We determined particle sizes of
the fractionated materials by scanning electron
microscopy (SEM). Diffraction patterns were
collected using a Rigaku Geigerﬂex D/max2B
diffractometer (Rigaku, The Woodlands, TX)
using Ni-ﬁltered CuKα radiation or a Bruker
AXS D8 Advance diffractometer (Bruker
AXS, Madison, WI) equipped with a rotating
tilted sample holder. X-ray diffraction pattern
peaks were search-matched using Jade 5
matching software (Materials Data, Inc.,
Livermore, CA). 
Incorporation and determination of iron
on zeolite. We placed 1 g of ground zeolite in
a 12-mL centrifuge tube, to which 10 mL of a
0.1 M NaCl (Fisher Chemicals, Fair Lawn,
NJ) solution was added. The suspension was
sonicated for 15 min, shaken on a wrist shaker
for 15 min, centrifuged, and the supernatant
removed. This step was repeated twice. We
deoxygenated solutions of 10–4, 10–2, 5 × 10–2
and 10–1 M iron sulfate heptahydrate (Sigma)
with bubbling N2 for 30 min and acidified
them to pH 4 by adding concentrated
hydrochloric acid (Fisher). Zeolite samples
were added to the iron solutions and the sus-
pensions shaken for 2 hr. After filtering, the
zeolites were rinsed with deoxygenated water
6–10 times under N2 atmosphere. We analyzed
rinse waters by inductively coupled plasma-
optical emission spectroscopy (ICP-OES) and a
spectrophotometric method to ensure complete
removal of adsorbed iron. Samples were dried
overnight under a ﬂow of nitrogen. ICP-OES
experiments were done on the solutions
obtained from lithium metaborate fusion of
the zeolites and analyzed for iron (emission
lines at 238.204, 239.562, 259.939, and
234.349 nm), aluminum (396.153, 308.215,
394.401, and 237.313 nm) and silicon
(251.611, 212.412, 288.158, 252.851, and
221.667 nm) using an Optima 4300DV
instrument (Perkin Elmer, Shelton, CT).
Molybdenum was used as an internal standard
at 5 ppm (emission lines at 202.03, 203.844,
and 204.598 nm).
Spectrophotometric determination of solu-
tion iron. This method has been described by
Fritz and Schenk (22). Solutions of 5 mM
phenanthroline (Aldrich, Milwaukee, WI),
0.3 M ascorbic acid (Aldrich), and 1 M
sodium acetate (Jenneile, Cincinnati, OH)
were prepared in deionized water. The spectra
were measured with a Shimadzu UV 265 or a
Shimadzu UV-2501PC spectrophotometer
(Shimadzu, Columbia, MD). Standards were
prepared with iron sulfate.
Polymer exchange for surface iron deter-
mination. We used the polymer Dab-4Br,
first described by Daniels et al. (23) and
obtained by synthesis of 1,4-diazabicyclol
[2.2.2] octane (Dabco) with Br(CH2)4Br.
Solutions of 0.5 g of Dab-4Br in 40 mL water
were prepared, and 8 mL of this solution was
added to 0.4 g of dried iron-exchanged zeolite
samples in a 12-mL centrifuge tube. The mix-
ture was placed on a wrist shaker for 20, 40,
or 60 hr. We then centrifuged the solutions
and analyzed them for iron.
Diffuse reflectance. UV-Vis diffuse
reﬂectance spectra were acquired on a Perkin
Elmer Lambda 900 UV-Vis-NIR spectrome-
ter. We used Kubelka-Munk units. The refer-
ence sample was the unexchanged zeolite.
Cell–Particle Interactions
We obtained the ﬂuorescent dye 5- (and 6-)
carboxy-2´,7´-dichlorodihydroﬂuorescin diac-
etate (H2DCF-DA) from Molecular Probes
(Eugene, OR). We divided 25 mg of H2DCF-
DA dissolved in 5.0 mL of anhydrous DMSO
(Aldrich) into aliquots and stored them at
–4°C in a freezer/desiccator until use. NR8383
cells were pelleted by centrifugation (400 × g,
10 min) and resuspended in fresh Hams F12
medium (~2.5 × 104 cells/mL). Cells were
treated with H2DCF-DA (ﬁnal concentration
20 µM) and incubated for 20 min at 37°C in a
humidiﬁed atmosphere of 5% CO2. Zymosan
A (Sigma), size-fractionated erionite, morden-
ite, and zeolite Y were each suspended in
medium (100 µg/mL) and sonicated for 20
min immediately before addition to cells.
After incubation, we treated 1-mL
aliquots of cells (2.5 × 104) with 1 mL of
ﬁber suspension (100 µg particles/mL) in cul-
ture medium or in ACAS buffer [127 mM
NaCl, 3.8 mM KCl, 1.2 mM CaCl2, 5 mM
glucose (Jenneile Chemical), 0.8 mM MgCl2
(Mallinckrodt, Paris, KY), 1.2 mM KH2PO4
(J.T. Baker Chemical, Phillipsburg, NJ), and
10 mM HEPES (Sigma), pH 7.4]. For nega-
tive controls, we treated additional aliquots of
cells with 1 mL of medium or buffer alone.
To promote cell/fiber contact, cell suspen-
sions were vortexed brieﬂy (10 sec) then gen-
tly centrifuged (200 × g, 3 min). This cycle
was performed three times, after which cells
were analyzed as described below.
To distinguish cellular responses induced
by fiber interactions with the plasma mem-
brane from those induced by phagocytosis, we
incubated subsets of cells for 1 hr in medium
supplemented with the endocytosis inhibitor
NH4Cl (Mallinckrodt), at a ﬁnal concentra-
tion of 20 mM. Cells were then washed and
resuspended in fresh NH4Cl-supplemented
medium before treatment with particulates.
Flow cytometry. Flow cytometric analysis
was performed on a Coulter Epics Elite ﬂow
cytometer (Beckman Coulter Inc., Miami, FL)
equipped with a 15-mW air-cooled argon ion
laser (Cyonics, San Jose, CA) operating at 488
nm. Fluorescence emission was collected using
a 525-nm band pass ﬁlter. We measured the
uptake of particulates by viable cells (deter-
mined and gated from a bivariate histogram of
right-angle light scatter versus forward-angle
light scatter) by the increase in the right-angle
scatter signal as displayed on a univariate his-
togram of right-angle scatter versus the num-
ber of events. We used the mean right-angle
scatter channel number for data analysis, as
well as the mean fluorescence intensity and
percentage of cells exceeding values measured
for untreated control populations.
Chemiluminescence assay. Luminol (Sigma)
was dissolved in DMSO at a concentration of
10 mM and stored in aliquots at –4°C. Just
before use, luminol was thawed and diluted to
100 µM in phosphate-buffered saline (PBS),
with a resultant final concentration of 1%.
Zymosan A (Sigma), size-fractionated erionite,
Articles • Fach et al.
1088 VOLUME 110 | NUMBER 11 | November 2002 • Environmental Health Perspectivesmordenite, and zeolite Y were each suspended
in PBS at concentrations of 5.0, 1.0, and 0.2
mg/mL and sonicated for 20 min immediately
before treatment of cells. NR8383 cells were
pelleted by centrifugation (400 × g, 10 min)
and resuspended in fresh Hams F12 medium
(1.0 × 106 cells/mL).
We performed luminescence reactions in
96-well black Optiplates (Packard, Meriden,
CT). To each well we added 100 µL of lumi-
nol (ﬁnal concentration in total volume of well
was 40 µM), 50 µL of ﬁber suspensions (250
µg, 50 µg or 10 µg/well), and 100 µL of cell
suspension (1 × 105 cells/well, added last to
synchronize kinetics among reactions). All
reactions were performed in duplicate. As con-
trols, each experiment also included duplicate
wells containing luminol alone, cells alone, or
cells and luminol but no fibers. Plates were
sealed and luminescence was immediately
measured with a Top-Count Microplate
Scintillation and Luminescence Counter
(Packard). After this initial measurement,
plates were centrifuged (400 × g, 1 min) to
promote fiber/cell contact. We subsequently
performed luminescence measurements at 3-
min intervals over 2 hr. Plates were kept in an
incubator at 37°C between each measurement.
To distinguish cellular responses induced
by fiber interactions with the plasma mem-
brane from those induced by phagocytosis, we
incubated subsets of cells for 1 hr in medium
supplemented with 20 mM NH4Cl before use
in experiments, and all components of reac-
tions were likewise supplemented to attain a
ﬁnal NH4Cl concentration of 20 mM in reac-
tion wells. We obtained corrected chemilumi-
nescence curves by subtracting values generated
by negative control reactions (cells plus luminol
in the absence of ﬁbers) from those generated
under each experimental condition. We then
calculated total luminescence values by integra-
tion of the area under each corrected chemilu-
minescence curve (Grams/32 program;
Thermo Galactic, Salem, NH).
Transmission electron microscopy. To
determine the effectiveness of the endocytosis
inhibitor NH4Cl, we incubated NR8383 cells
for 1 hr in culture medium in the presence or
absence of 20 mM NH4Cl, then exposed cells
to erionite or mordenite using the vortex/cen-
trifugation method described above. Cells
were ﬁxed, embedded, sectioned, and imaged
by transmission electron microscopy as previ-
ously described (21).
Hydroxyl Radical Measurements
Reverse-phase liquid chromatography. We
used a Waters C18 Resolve1 10 µm column
(8 mm × 10 cm; Waters, Milford, MA) and a
Shimadzu LC-10ATVP HPLC system cou-
pled to an SPD-M10AVP diode array detec-
tor (Shimadzu). The injection volume was 20
µL. The eluant consisted of 5% methanol in
nanopure water, ﬁltered through a Duropore
ﬁlter and degassed the day of use. We used an
isocratic ﬂow of 1 mL/min. The sample loop
was rinsed six times with the sample and
flushed six times with eluant after injection.
All samples were injected in triplicate. Four
standards of DMSO/H2O2 solutions were
run. Integration of the peak areas was per-
formed using Grams/32 software.
We added 10 mL of a 0.384 mM H2O2
and 0.939 mM DMSO solution to the dried
iron-exchanged zeolite, and the mixture was
shaken for 30 min on a wrist shaker. The solu-
tion was then centrifuged, and a fraction of the
supernatant was ﬁltered and injected into the
chromatographic system. Centrifugation was
performed using a Beckman-Coulter Alegra
64R centrifuge at 25,000 rpm for 10 min. To
determine the influence of any iron released
from the zeolite into solution, 2 mL of the last
rinse solution was added to 10 mL of the
H2O2/DMSO mixture, shaken for 30 min,
and examined by chromatography.
Spectrophotometric determination of
methanesulfinic acid formation. Babbs and
Steiner (24,25) developed the spectrophoto-
metric quantiﬁcation of MSA, and we used a
modified version of this method. The pho-
tooxidized species from the Fast Blue BB salt
solution (C17H18ClN3O3)ZnCl2 (Fluka
Chemie; Sigma-Aldrich USA, Milwaukee,
WI) was removed by extraction with 1 mL
chloroform. We added 0.3 mL of 1N HCl
and 0.2 mL of 0.02 M Fast Blue BB salt solu-
tion to 2.0 mL of sample (obtained after zeo-
lite treatment with DMSO and H2O2). The
tube was kept in the dark for 10 min. We
added 1.5 mL of a solution of toluene-butanol
3:1, and then the mixture was vortexed for
120 sec and centrifuged. We then removed
1.0 mL of the organic phase, placed it in a sec-
ond tube, and added 2.0 mL of butanol-satu-
rated water. The mixture was vortexed 30 sec
and centrifuged brieﬂy. We removed 0.9 mL
of the upper phase and placed it in the UV
cuvette, along with 1.5 mL of the butanol-
toluene 3:1 solvent. Spectra were recorded on
a Shimadzu UV 265 or a Shimadzu UV-
2501PC spectrophotometer, from 500 to 330
nm. We used 2.4 mL of the 3:1 mixture of
toluene-butanol as a blank. Standards were
run by repeating this procedure with solutions
of 0.01 mM to 0.15 mM of MSA (obtained
from Lancaster Laboratories, Pelham, NH).
Results
Physical Characteristics of Zeolites
The powder diffraction patterns depicted in
Figure 1 compare well with previously pub-
lished data on all three samples (26). For eri-
onite, the peaks at 2θ values of 12.2° and
38.0° match the characteristic peaks of calcium
aluminum silicate hydrate (Ca4Al8Si8O32·
8H2O), and the peaks at 12.2°,17.5°, and
55.9° most likely belong to sodium aluminum
silicate hydrate (Na3Al3Si5O16·6H2O). No
extraneous phases were evident in the X-ray
diffraction pattern of mordenite and zeolite Y.
Size fractionation results were analyzed by
means of SEM, and the data for erionite and
mordenite are shown in Figure 2. Scanning
electron micrographs of an erionite dispersion
before and after fractionation (Figure 2A,B)
show that the average length and width of the
ﬁbers has effectively decreased, as well as the
size range. The unfractionated erionite sam-
ple includes long ﬁbers, up to 45 µm, with a
mode (most frequent length) of approxi-
mately 10 µm. Fractionation of this sample
led to a population ranging from 0.7 µm to
13 µm, with a mode of about 3 µm, the ﬁber
morphology appearing intact.
Fibrous morphology on mordenite was
not frequently observed. Depending on the
geographic source of mining, mordenite may
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Figure 1. Powder X-ray diffraction patterns of (A) erionite, (B) mordenite, and (C) zeolite Y.
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A B Cnot be fiber-shaped (27,28). We observed
that unfractionated mordenite particles range
from 0.1 to 10 µm, with a mode of approxi-
mately 3.7 µm. Size fractionation of morden-
ite allowed discrimination against the largest
particles, as well as particles smaller than 1
µm. The most abundant size observable on
the SEM is centered on the value of approxi-
mately 1 µm. Zeolite Y appeared as octahe-
dral crystals of a homogeneous size of slightly
less than 1 µm (Figure 2E).
Cell–Fiber Interactions
Morphologic characteristics of fiber-treated
cells. Morphologic characteristics of cells deter-
mine their light-scattering properties (29). The
amount of light refracted in a forward direc-
tion (forward angle light scatter) is propor-
tional to cell size and the refractive index of the
cytoplasm. In contrast, the amount of light
reﬂected at right angle (side scatter) is largely
determined by the intracellular morphology of
the cell, such as differences in nuclear size or
shape, cytoplasmic granules or vacuoles, or
bound particles. By plotting the side-scatter
versus forward-scatter signals of cells in suspen-
sion, it is possible to distinguish single viable
cells from nonviable cells (based on differences
in refractive index) and cell clusters (based on
differences in cell volumes). To show whether
cells had phagocytized zeolite particles, side
scatter was plotted only for the living cell pop-
ulation. The mineral suspensions alone showed
a small forward-scatter and a relatively wide
side-scatter range but did not overlap with the
living cell population.
Side scatter increased with time of expo-
sure to particles, so samples were analyzed
exactly 20 min after exposure to particles.
Table 1 presents the side-scatter increase for
cells exposed to the three minerals. For
zeolite Y, the increase was 25%. Erionite par-
ticles induced a large increase in side scatter,
with an average increase of 58%. Mordenite
induced the second largest increase, reaching
a value of 41%. In all cases, smaller particles,
obtained via fractionation or sonication,
induced a smaller increase in side scatter than
their corresponding larger counterparts.
NH4Cl was used as the endocytosis
inhibitor to inhibit association of the
macrophages with particulates (30). Cell via-
bility, evaluated using trypan blue after 1-hr
exposure to NH4Cl-enriched medium, was
unaltered as compared to a blank. Cells
treated with NH4Cl and exposed to fraction-
ated erionite, fractionated mordenite, and
zeolite Y all showed relative increase in side
scatter that was only about 75% of that
observed in cells exposed to particles in the
absence of inhibitor (Table 1).
Oxidative burst. We measured the oxida-
tive burst as both the mean fluorescence
intensity generated by viable cell populations
and the percentage of cells with fluorescent
intensities above the background level of
untreated controls. A large positive signal was
reproducibly observed in the case of zymosan
for three replications. A typical result was that
the percentage of cells generating ﬂuorescent
signal in excess of untreated controls increased
from 4% to 53% of the total viable cell popu-
lation upon exposure to zymosan, and the
mean ﬂuorescence intensity increased approxi-
mately 13-fold. However, despite extensive
efforts, ﬂow cytometry did not exhibit signiﬁ-
cant increase in ﬂuorescence after exposure of
the cells to the three different minerals. We
attempted various modifications, including
use of a different ﬂuorochrome (dihydrorho-
damine123), variation of exposure time, and
modiﬁcation of the centrifugation/vortex pro-
tocol, but all failed to induce a detectable
oxidative response from the cells.
Figure 3 shows a typical response of the
luminol chemiluminescence induced by
superoxide generated by mordenite-stimulated
cells as a function of time. For all three zeo-
lites, the peak luminescence occurred between
20 and 25 min after exposure. Table 2 sum-
marizes the integrated chemiluminescence
results generated by NR8383 cells treated
with various concentrations of each of the
three minerals. These data demonstrate dose-
dependent responses in all cases: the greatest
luminescence signal was always associated
with the highest mineral concentration. Figure
4 illustrates the dose response observed for
fractionated mordenite, rising from 946 ± 139
(10 µg) to 8382 ± 1,855 (250 µg). In addi-
tion, we observed that for exposure to the
same mass of particulates, the chemilumines-
cence signal was inversely correlated with par-
ticle size for each category of zeolites. Figure 5
presents the results obtained with three differ-
ent size fractions of erionite, including a frac-
tion of erionite called “ﬁne erionite” (ranging
from 0.2 µm to 4 µm, with a mode of 0.8 µm,
as determined by SEM), all at a dose of 50 µg.
To distinguish cellular responses induced
by fiber interactions with the plasma mem-
brane from those induced by phagocytosis,
we treated subsets of cells with the endocyto-
sis inhibitor NH4Cl. Chemiluminescence
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Figure 2. Scanning electron micrographs of zeolites. Erionite (A) before and (B) after size fractionation.
Mordenite (C) before and (D) after size fractionation. (E) As-synthesized zeolite.
A B
C D
Eassays of responses of NH4Cl-treated cells
after exposure to fibers demonstrated that
inhibition of endocytosis dramatically attenu-
ated oxidative burst intensity, with typically
about 70% reduction in levels of chemilumi-
nescence. Although absolute levels of lumi-
nescence were reduced, NH4Cl-treatment
had little effect on the kinetics of fiber-
induced oxidative burst. These data suggest
that ﬁber-induced ROS production is primar-
ily dependent on fiber phagocytosis, rather
than ﬁber–membrane interactions.
Electron microscopy. Transmission elec-
tron microscopy of untreated and NH4Cl-
treated cells followed by exposure to erionite
or mordenite are shown in Figure 6. The
micrographs suggest that, although NH4Cl
treatment did not affect binding of ﬁbers to
the plasma membrane, it reduced the quan-
tity of intracellular fibers from about eight
per cell (untreated) to one to two per cell
(NH4Cl-treated) (based on a study of four
micrographs).
Chemical Studies
Bulk and surface iron analysis. Table 3 sum-
marizes the total and surface-exchanged iron
of the zeolites exposed to different concentra-
tions of iron sulfate solutions, as determined
by ICP-OES and the polymer exchange
method, respectively. Mordenite, erionite,
and zeolite Y had initial levels of total iron of
4.7 × 103, 12.7 × 103, and 0.35 × 103 µg
iron/g of zeolite, respectively. Levels of total
iron in erionite dropped from 12.7 × 103 to
10.3 × 103 µg iron/g and for mordenite from
4.7 × 103 to 3.6 × 103 µg iron/g after sodium
ion exchange, indicating that the iron is
either part of the framework or present as an
impurity phase. The iron levels on as-synthe-
sized zeolite Y were the lowest. An increase in
concentration of iron in solution resulted in
an increase of the total exchanged iron. As
expected from exchange isotherms (31), this
increase is not linear and tends to level off at
higher concentrations. Surface areas (BET;
Brunauer, Emmett, and Teller) of 86 m2/g,
295 m2/g, and 518 m2/g were determined for
mordenite, erionite, and zeolite Y, respec-
tively. Mordenite has the lowest surface area
because of structural defects that block the
channels, and for this reason it is also the
poorest ion-exchanger of the three zeolites.
The spectrophotometric method to deter-
mine surface iron content is based on back-
exchange of iron by a charged cationic
polymer, Dab-4Br. The released iron after
20, 40, and 60 hr were measured and found
to level out after 40 hr. We therefore report
the results as the levels of iron exchanged after
40 hr of ion-exchange. To confirm that the
polymer was exchanged only at the zeolite
surface, we monitored the X-ray photoelec-
tron spectroscopy before and after exposure.
These studies showed a decrease in the Fe/Si
ratio; however, the iron signal did not fully
disappear. We attribute this to signal from
the bulk iron, since X-ray penetration depth
is approximately 50 Å. The small standard
deviations for surface iron levels indicate good
reproducibility of the method. Surface iron
increases with the concentration of the initial
iron solution, ranging from 1.4 µg/g to 12.3
× 102 µg/g for zeolite Y, from 5 µg/g to 4.0 ×
102 µg/g for mordenite, and from 1.6 µg/g to
3.3 × 102 µg/g for erionite. Levels of surface
iron in natural samples before any exchange
are 30 µg/g and 4 µg/g for mordenite and eri-
onite, respectively, values that drop to unde-
tectable levels after sodium exchange.
The large increase of surface iron on zeo-
lite Y when exposed to iron sulfate solutions
of 0.1 M was examined further. The pH of
the initial solution of acidiﬁed iron sulfate was
3. X-ray diffraction patterns of the zeolite Y
after exposure to these solutions conﬁrmed a
loss in crystallinity, whereas the structure was
stable for both erionite and mordenite. The
lower Si/Al ratio of zeolite Y makes it more
prone to degradation (31). Consequently, the
value of 12.3 ± 0.3 × 102 µg of surface iron/g
of zeolite Y represents iron exchanged onto
the zeolite and also incorporated into the
amorphous material.
Diffuse reflectance spectroscopy. UV-Vis
diffuse reflectance spectra were recorded on
the three iron-exchanged zeolites (Figure 7).
A peak at 240–250nm, as well as a band at
220 nm, was observed for all three zeolites.
The peak at 290 nm is present in erionite and
zeolite Y but does not appear on the morden-
ite spectrum. Mordenite exhibits a small
absorption band 320 nm, which appears also
in the erionite spectrum but is nonexistent in
the zeolite Y spectrum. Finally, mordenite
also exhibits a small absorbance at 450 nm.
The common peak at 240–250 nm may be
assigned to the charge transfer transition
between the oxygen atoms and the frame-
work iron species (32), which explains why it
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Table 1. Side-scatter increase upon cell–particle
interaction with and without NH4Cl treatment of the
macrophages. 
Side-scatter increase (%)
Without NH4Cl With NH4Cl
Erionite 58 ± 8 NA
Fractionated erionite 33 24
Mordenite 41 ± 0.2 NA
Fractionated mordenite 24 ± 3 18
Zeolite Y 25 20
NA, not analyzed. SDs are the result of two or more mea-
surements.
Figure 3. Luminol-based chemiluminescence data
after exposure of NR8383 cells to fractionated mor-
denite (50 µg).
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Table 2. Integrated chemiluminescence intensity upon macrophage–particle interaction (arbitrary units).
Median size (µm) 10 µg 50 µg 250 µg
Mordenite 3.7 NA 503 ±183 649 ± 303
Fractionated mordenite 1 946 ± 139 1,846 ± 1,134 8,382 ± 1,855
Erionite 10 NA 695 ± 288 1,166 ± 589
Fractionated erionite 3 NA 965 ± 361 1,110 ± 333
Fine erionite 0.8 NA 1,904 NA
Zeolite Y 0.9 611 1,359 ± 1,133 3,909 ± 1,340
NA, not analyzed. SDs are the result of two or more measurements.
Figure 4. Comparison of the levels of chemilumi-
nescence from different dosages (10, 50, 250 µg) of
fractionated mordenite.
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Figure 5. Comparison of the levels of chemilumines-
cence as a function of particle size, using erionite
as the sample.
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10 µmis almost nonexistent in the case of zeolite Y,
which does not have any framework iron. Tuel
et al. (33) assigned the 220-nm band in iron-
containing mesoporous silicas to a ligand-to-
metal charge transfer that involves isolated,
tetrahedrally coordinated Fe3+. The peak at
295 nm is of particular interest because it is
present in the case of erionite and zeolite Y but
does not appear in the mordenite spectrum.
Conversely, mordenite exhibits a small absorp-
tion band at 320 nm, which also appears in the
erionite spectrum but is nonexistent in the zeo-
lite Y spectrum. This band region has been
correlated with spin-forbidden d-d transitions
in Fe-silicalite (34). Finally, the small
absorbance of mordenite at 450 nm may be
indicative of impurity iron oxides.
Fenton chemistry. The redox state of iron
is relevant for Fenton-type reactions because
iron(II) is necessary to initiate this reaction.
Although the Haber-Weiss cycle allows the
reduction of iron(III) by reducing agents (e.g.,
superoxides), we ensured that our sample
began with iron in the +2 state. Therefore, we
started with ferrous sulfate salts and used cau-
tion to keep iron in this redox state, following
procedures given by previous researchers (35).
We used two methods to analyze for the
hydroxyl radicals. The difference in the
amount of DMSO before and after reaction
with hydroxyl radicals was estimated from
liquid chromatography. The second method
involved UV-visible spectroscopy for estimat-
ing MSA formed by reaction of hydroxyl rad-
icals with DMSO, and a detection limit of
100 µmol of MSA was achieved (24,25).
Figures 8 and 9 plot the amount of
hydroxyl radicals by the HPLC and the UV-
Vis methods, respectively, against the amount
of surface iron determined by the polymer
exchange method (micrograms iron per gram
of zeolite times grams dry zeolite used for the
experiment). For mordenite and erionite, the
production of hydroxyl radicals increases as
surface iron increases. Increasing amounts of
surface iron on zeolite Y did not give rise to
increasing production of hydroxyl radicals.
Results obtained with fractionated mordenite
samples are similar to those with unfraction-
ated mordenite for similar iron loading levels
(data not shown). For similar amounts of sur-
face iron, and especially at the higher surface
iron levels, erionite induced a larger hydroxyl
radical production than mordenite, which
induced a larger production than zeolite Y.
The data obtained with free iron in solution
show a relatively small production of hydroxyl
radicals (7.3 × 10–5 mmol for 350 µg iron).
Discussion
Measurement of the Oxidative Burst
The difference in results pertaining to the
measurement of the oxidative burst between
the chemiluminescence and the ﬂow cytome-
try techniques can be rationalized as follows.
Chemiluminescence technique provides a
measure of H2O2, OH·, O2·–, whereas the
ﬂow cytometry, though supposedly speciﬁc to
H2O2, has been shown recently to be sensi-
tive to a variety of reactive oxygen species,
including superoxides (36,37). In addition, it
is known that the rate of spontaneous O2·–
dismutation into H2O2 is rapid, either spon-
taneously or by the enzyme superoxide dis-
mutase. Therefore, the measurement of
different oxygen species is not the cause for
the differences in results. An examination of
the reported detection limits for the chemilu-
minescence and ﬂow cytometry method pro-
vide a better explanation. For the NR8383
cell line, Helmke et al. (19) reported 4 × 10–9
M H2O2/5 × 105 cells after exposure to
zymosan, which corresponds approximately
to 10–17 mol of H2O2 per cell. Since 100,000
cells are present in the chemiluminescence
system, this would correspond to 10–12 mol
of H2O2 generated, or a 10–6 M concentra-
tion (well volume is 250 µL). The signal from
zymosan is 10–100 times higher than the
mineral-induced signals, which would set the
concentration of hydrogen peroxide gener-
ated upon mineral stimulation in the 10–8 to
10–7 M range. Detection limits have been
reported for chemilumenescence in the 10–8
M range of concentrations for H2O2 (38),
which is consistent with the detection of
responses from mineral-challenged cells. In
flow cytometry, the signal detected per cell
has been reported to be 10–17 mol of oxidized
fluorescein dye per cell (39) and is in the
range generated upon zymosan stimulation.
However, the H2O2 generated by exposure to
minerals is several orders magnitude lower
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Figure 6. Electron micrographs of NR8383 cells exposed to erionite (A,B) and mordenite (C,D) before treat-
ment (A,C) and after treatment (B,D) with the endocytosis inhibitor NH4Cl. Arrows indicate erionite particles
(A,B) and mordenite particles (C,D).
A B
C D
Table 3. Total and surface Fe content for the natural, sodium-preexchanged and iron-exchanged zeolites
(acidiﬁed solutions of 10–4, 10–2, 5 × 10–2, and 10–1 M of FeSO4·7H2O).
Mordenite Erionite Zeolite Y
Total (× 103) Surface (× 102) Total (× 103) Surface (× 102) Total (× 103) Surface (× 102)
Natural 4.7 0.3 12.7 0.04 0.35 ± 0.05 ND
NaCl-exchanged 3.6 ± 0.2 ND 10.3 ND 0.092 ND
10–4 M Fe 3.7 ± 0.7 0.05 5.6 0.016 0.45 ± 0.08 0.014
10–2 M Fe 4.16 ± 0.53 1.9 18 ± 3 1.6 ± 0.4 7 ± 1 0.024 ± 0.004
5 × 10–2 M Fe 11.3 NA NA NA 18 ± 1 2.97
10–1 M Fe 11.6 4.0 ± 0.2 25 3.3 ± 0.4 34 ± 1 12.3 ± 0.3
Abbreviations: NA, not analyzed; ND, not detected. Results are expressed as micrograms iron per gram of zeolite. SDs are
the result of two or more experiments. than that induced by zymosan and therefore
below the detection limit of ﬂow cytometry.
Phagocytosis and the Oxidative Burst
The three issues that we have discussed are
cell viability upon exposure to the zeolites,
the origin of the oxidative burst, and the
magnitude of the oxidative burst for the three
samples. A calculation of the number of parti-
cles in 250 µg of zeolite Y, based on a density
of 2.3 g/cm3 and a radius of 0.9 µm (assum-
ing a spherical shape) gives rises to an esti-
mated value of 300 particles/cell. Although
this number is high, cell viability is retained:
Light microscopy showed similar numbers of
living cells before and after exposure to parti-
cles. Furthermore, previous researchers have
shown that a decrease in cell viability could
be detected by a rapidly decreasing chemilu-
minescence signal, returning to baseline sig-
nals faster than in healthier cell systems (40).
Such a phenomenon would be more likely to
happen at higher fiber dosage. We have not
observed a more rapidly decreasing signal at
250 µg dosages when compared to the 10 µg
dosage. Therefore, cell viability is estimated
to be similar for all three particles types and
dosages in this time range.
We also have addressed the issue of the
signal appearing from phagocytosis versus just
membrane binding. For all three zeolites, the
chemiluminescence peak typically occurred
between 20 and 25 min and corresponds to
the maximum in the oxidative burst. Nadeau
et al. (40) observed that the time at which the
maximum chemiluminescence signal is
obtained is inversely related to dosage. Urano
et al. (41) claimed that the earlier peaks could
be reﬂecting faster kinetics in the superoxide
generating process due to erionite ﬁber–mem-
brane interaction rather than phagocytosis. In
the present study, the time at which the peak
maximum occurred did not vary after treat-
ment of the cells by NH4Cl. The decrease in
the side scatter after treatment of the cells by
the endocytosis inhibitor shows that phagocy-
tosis is decreasing. This is consistent with the
70% decrease in chemiluminescence after
treatment of the cells by ammonium chloride,
suggesting that phagocytosis, rather than
membrane interaction, is triggering the oxida-
tive burst. These results correlate with the
findings of Ng et al. (30). After addition of
endocytosis inhibitors (chloroquine and
ammonium chloride) to microsphere-exposed
NR8383 cells, they observed no cell–micros-
phere interaction. They concluded that
phagocytosis rather than simple binding
caused the chemiluminescence signal. This
phagocytosis-induced response of NR8383
cells, rather than a membrane response, is in
accordance with the relatively small burst that
Helmke et al. (42) obtained with phorbol
myristate acetate (PMA) stimulation com-
pared to zymosan-induced stimulation of
NR8383 cells. They found a maximum 2-
fold increase in the chemiluminescence signal
after PMA stimulation, and an average 23-
fold increase after zymosan stimulation.
Because PMA-induced response is a mem-
brane phenomenon, while zymosan activation
involves phagocytosis, this suggests that
NR8383 cells do not show a large oxidative
burst upon membrane stimulation. We have
observed that all mineral-induced responses
were 10- to 100-fold smaller than the
zymosan response, which is consistent with
previous experiments. Ng et al. (30) reported
small, dose-dependent signals of chemilumi-
nescence upon uptake of polymeric micros-
pheres by NR8383 cells, compared to the
zymosan-induced chemiluminescence.
For the same mass loading of particulates,
the signal from oxidative burst upon phagocy-
tosis is inversely correlated with particle size,
regardless of the nature of the zeolite (Table 2).
Fractionated mordenite induces a larger oxida-
tive response than unfractionated mordenite.
Similarly, the third size fraction of erionite,
“fine erionite,” induced significantly larger
response than fractionated erionite, whereas
fractionated erionite induced a larger response
than ground erionite, all at a dosage of 50 µg.
Unfortunately, we do not know the number of
particles in the cell upon exposure to samples
with different particle sizes. If we assume that
the same mass of particles is entering the cell,
then there will be larger number of smaller
particles per cell for the finer size and that
would thus present a much larger surface area.
In this case, it would imply that there is a posi-
tive correlation between the oxidative burst
and the surface area of particles.
As far as the differences in the magnitude
of the oxidative burst for the different parti-
cles, Table 2 suggests that for comparable
sizes of the particles, there is no significant
difference in the oxidative burst, especially
between the minerals erionite and mordenite.
Fenton Chemistry at the Mineral
Surface: Methodology
Both methods used to estimate hydroxyl radi-
cals involve the reaction of OH· with DMSO
followed by either measurement of the
remaining DMSO or the amount of the stable
product, MSA. The reaction of hydroxyl radi-
cals with DMSO has an appreciable rate con-
stant (k = 7 × 109 L/mol·sec), and the
reported yield for this reaction varies from
85% to 91% (24,25,43). The MSA method
gave somewhat lower values than the HPLC
method, but the trends in both cases were sim-
ilar. We believe that the MSA method is more
accurate because it determines the amount of a
product formed rather than measuring differ-
ences between the amount of the reactant.
To confirm that the Fenton chemistry is
solely due to surface-bound zeolitic iron rather
than the bulk, measurement of the MSA pro-
duction was done on iron-zeolite that was
treated with Dab-4 polymer. On these zeolites,
surface iron is absent, and iron present only in
the bulk. No MSA production was observed.
The concern that H2O2 and/or DMSO
could diffuse into the zeolite cages and thereby
exhibit a smaller signal in the HPLC method
was examined by quantitatively estimating the
levels of H2O2 and DMSO after exposure to
iron-containing zeolites. In all three zeolites,
there was no decrease in amount of H2O2.
Erionite and mordenite showed no loss of
DMSO, but zeolite Y did. This ﬁnding corre-
lates well with dimension considerations: The
kinetic diameter of DMSO is 5 Å, so it is size-
excluded from erionite (pore windows 3.6 ×
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Figure 7. Diffuse reflectance spectra of Fe(II)-
exchanged zeolites.
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Figure 8. Production of hydroxyl radicals measured
by chromatography of DMSO as a function of sur-
face Fe(II) on different zeolites.
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Figure 9. Production of hydroxyl radicals measured
by UV-visible spectroscopy of MSA as a function of
surface Fe(II) on different zeolites.
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100 10 15.1 Å) (44). DMSO can penetrate mordenite
through the 6.5 × 7.0 Å windows, but the
defect structure limits the porosity. Zeolite Y
showed a decrease of 1.09 × 10–4 ±3   × 10–6
mmol of DMSO/g zeolite, and the data for
the HPLC method were corrected for the
pore trapping of DMSO. After correction,
results comparable to the MSA method were
observed.
Another concern was that iron released into
solution from the zeolite was responsible for the
Fenton chemistry. The released iron in solution
after reaction with the DMSO/H2O2 solution
was estimated spectrophotometrically (phenan-
throline method). This method is less sensitive
than ICP-OES, but this latter technique was
not an option because colloidal zeolite could be
present in solution. Approximately 5% of the
surface iron was found to be in solution. Since
the aqueous complexes of iron show a consid-
erably smaller “Fenton activity” than zeolite-
bound iron, we rule out the possibility that
solution iron plays an important part in the
radical production.
Other complications could involve reac-
tion of methyl radicals with DMSO, leading
to overestimation of the results obtained by
the HPLC method. This reaction will not
influence the MSA method. The rate con-
stant between H2O2 and hydroxyl radicals, k
= 1.2 – 4.5 × 107 L/mol·sec, is smaller than
the rate constant of OH· with DMSO (k = 7
× 109 L/mol·sec) (45), thus, loss of hydroxyl
radicals by reaction with H2O2 is not impor-
tant. Ulanski et al. (46) studied the kinetics of
reaction of methyl radicals with H2O2 and
found a reaction rate of 2.7 × 104 L/mol·sec,
which is slow enough not to be problematic.
Role of Zeolite Surface Structure in
Fenton Chemistry
For mordenite and erionite, the production
of hydroxyl radicals increases as surface iron
increases. Experiments with fractionated mor-
denite show that although surface iron
increases per gram of zeolite, its activity in the
Fenton reaction normalized to surface iron
levels is similar to unfractionated mordenite.
For comparable amounts of surface iron,
especially at the higher loadings, erionite
induces a larger hydroxyl radical production
than mordenite, which induces a larger pro-
duction than zeolite Y. Though the mecha-
nism of the Fenton reaction is still being
debated (47,48), it is accepted that the ligand
around the iron inﬂuences its participation in
the Fenton reaction. The ways in which a lig-
and can inﬂuence Fenton reactivity is by lim-
iting access to H2O2 as well as modification
of the iron redox potential. We propose that
the differences observed among the three zeo-
lites is because varying iron coordination on
the zeolite surface modiﬁes its participation in
the Fenton reaction.
Complexes with smaller reduction poten-
tials such as EDTA (0.12 V) have higher rate
constants (10 × 103 L/mol·sec) for the Fenton
reaction than complexes with higher reduction
potentials such as aqueous complexes of Fe(II),
76 L/mol·sec (0.77 V) (47,48). However, Fe-
EDTA has a higher rate constant (factor of
10) than Fe-diethylenetriamine pentaacetic
acid (DTPA) (E° value of 0.03 V) and has
been suggested to arise from unavailable coor-
dination sites in DTPA (49). Even for ther-
modynamically unfavorable reactions, such as
with complexes that show a redox potential
higher than the reduction potential of the
H2O2/OH–,OH· couple (0.32 V), such as
N,N´-di-2-picolyl-4,7-diaza-1-oxacyclonanne
(DPC), N,N´,N´´-tri-2-picolyl-1,4,7-triazacy-
clononane (TPC), or water, with reduction
potentials of 0.74, 0.71, and 0.77, respectively,
Fenton activity is observed and the involve-
ment of peroxo- complexes in an inner sphere
mechanism has been proposed (50). This
affinity would be higher for DPC than for
hexa-aquocomplexes, which would explain the
rate constants of 0.65 × 103 and 0.076 × 103
L/mol·sec, respectively, for H2O and DPC.
The differences in rates observed between Fe-
DPC and Fe-TPC were attributed to the pres-
ence or absence of a free coordination site on
the metal; DPC is a pentadentate ligand, TPC
is a hexadentate ligand. Singh and Hider (45)
studied Fe(III) complexes and concluded that
a high afﬁnity of a ligand for Fe(III) would sta-
bilize iron in this redox state, hence preventing
it from participating further in the Fenton
reaction. This is particularly clear in the case of
the desferrioxamine ligand (DFO), for which
the stability constant with Fe(III) is among the
highest (log K = 30.7) and for which the rate
of substrate hydroxylation via Haber-Weiss
mechanism is among the lowest.
Literature regarding the Fenton activity of
mineral-bound iron is scarce. Studies have
been performed on iron-exchanged morden-
ite (51) and goethite (52). Joshi and Limye
(51) studied the catalytic decomposition of
H2O2 by Fe(III)-mordenite, but did not con-
clude if the rate-determining step was the
reduction of Fe(III) by the peroxide anion or
the reduction of H2O2 by Fe(II) (Fenton
reaction). Reports of the reduction potential
of iron in natural amphibole, magnetite and
biotite range from 0.27 to 0.52 V (53), values
subsequently lower than the reduction poten-
tial of iron in water (0.77 V).
The fact that a metal on different zeolites
can exhibit different reduction potentials is
also suggested by zeolite electrochemistry (54).
The reduction potential of Cu(II)-exchanged
zeolites using cyclic voltammetry show a 30
mV difference in half-wave potential (E1/2)
between the cyclic voltammograms of copper-
exchanged mordenite and copper-exchanged
zeolite Y. Because zeolite electrochemistry is a
surface phenomenon, these results suggest a
difference of the reduction potential for Cu-
mordenite and Cu-zeolite Y.
Comparison of the differences in the
structure of the zeolites is of interest (31).
The a and b axes of erionite represent the
ﬁber surface and shows a network of 8-mem-
bered rings (3.6 × 5.1 Å). The natural mor-
denite sample is not primarily fibrous. Its
surface shows channel openings made of 12-
membered rings (7.0 × 6.5 Å), 8-membered
rings (2.6 × 5.7 Å), and smaller 4-membered
rings. Zeolite Y has a more spherical mor-
phology, and its surface presents 12-mem-
bered rings (7.4 Å × 7.4 Å). Iron on the
zeolite surface is coordinated to the different
aluminosilicate rings. The small amounts of
hydroxyl radicals produced relative to the sur-
face iron for all samples show that not all iron
species on a zeolite surface are Fenton active.
This is supported by results from Fubini and
co-workers (55–57), who have argued that
only a few surface iron species on mineral
samples are in the right redox and coordina-
tion state to be active in the hydroxyl radical
generation. This correlates well with the vari-
ous coordination environments (and their
respective abundances) that a zeolite provides
for binding iron. The increase in the amounts
of radicals per surface iron for erionite is
steeper than for mordenite, indicating that
erionite surface sites provide a Fenton-
enhancing coordination for iron. Zeolite Y
shows little or insigniﬁcant activity and could
arise from binding to the 12-membered rings,
which would leave most of the iron coordina-
tion sites with water, and therefore its
response is comparable to water-coordinated
iron in generation of hydroxyl radicals.
Correlation of Biological and
Chemical Reactivities
We reached two important conclusions after
comparing the results of this study to those in
the literature. First, for similar masses of parti-
cle exposure, the particle size (presumably by
virtue of surface area) has a more significant
effect on the oxidative burst upon phagocytosis
than the mineral structure. Second, the Fenton
chemistry that determines the production of
hydroxyl radicals via iron on the zeolites
depends on the mineral structure. Thus, while
we found that erionite, mordenite, and
zeolite Y have comparable oxidative bursts,
hydroxyl radical production follows the order
erionite > mordenite >> zeolite Y.
Although there is scientific consensus
about the adverse effects of erionite in DNA
strand breaks (16) or mesothelioma induction
(13), the cytotoxicity of mordenite and zeo-
lite Y has not been extensively studied. Based
on aerodynamic diameter calculations,
Stephenson et al. (58) estimated pulmonary
deposition of ﬁber shaped-mordenite particles
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deposition was possible. Hansen and Mossman
(9) compared in vitro superoxide generation
induced by asbestos as well as erionite and
mordenite and concluded that mordenite was
less active than erionite. They attributed this
difference to the fibrous shape of erionite.
However, the size distribution of their sam-
ples was broad and different for the two zeo-
lites, which casts some uncertainty on the
correlation of structure with the oxidative
burst. Adamis et al. (59) studied in vitro and
in vivo cytotoxicity of well-characterized mor-
denite samples. In vivo studies after intracheal
instillation showed acute and subacute
inflammation of the lung, which was attrib-
uted to the needle-shaped particles (10–12%
of the mordenite sample) (59). In vitro stud-
ies showed significant hemolysis but moder-
ate macrophage cell-membrane damage, as
compared to quartz. However, the mordenite
samples used in these studies could have con-
tained impurities at levels of 45%.
The chemistry of the Fenton reaction at
zeolite surface was investigated by Fubini and
co-workers (55–57). They studied iron-
exchanged zeolite Y as well as asbestos and
iron oxides and concluded that the extent of
hydroxyl radical release did not parallel the
mineral iron content or its surface iron con-
tent. They used the total iron content and
speciﬁc surface area, which does not take into
account the differences of iron exchange on
different coordination sites. In the present
study we show, for example, that although
mordenite exchanges less total iron than eri-
onite, the surface iron levels are similar. We
agree, however, with Fubini et al.’s assess-
ment that only a fraction of the iron species
on the mineral surface is in the right redox
state and coordination environment to partic-
ipate in the Fenton reaction (55–57).
Thus, the considerable toxicity of erionite
may be due to its fibrous nature and size,
which ensures penetration into the lungs, and
its surface chemistry, which promotes the for-
mation of hydroxyl radicals. Mordenite, with
comparable morphology, should also be toxic
because of its efﬁcacy in the Fenton reaction,
whereas zeolite Y should be considerably less
toxic because of its poor Fenton chemistry.
Conclusions
This study focused on two aspects of alumi-
nosilicate mineral chemistry: interactions with
macrophage cells (NR8383) and the ability of
the mineral surface to produce hydroxyl radi-
cals from H2O2 (Fenton reaction). Using
ammonium chloride as an endocytosis
inhibitor, we have concluded that the dose-
dependent chemiluminescence signal due to
oxidative burst is mainly from phagocytized
particles rather than to particles attached to the
membrane. Using size-fractionated samples of
the same mineral, we established that the gen-
eration of reactive oxygen species is inversely
related to the size of the particles for similar
levels (by mass) of particle exposure. Iron on
the zeolite surface was estimated by exchange
with a charged polymer. Hydroxyl radicals
generated from H2O2 via Fenton reaction and
mediated by the Fe(II) zeolites were measured
using a chromatographic and a spectrophoto-
metric method. Iron on the surfaces of three
different zeolites produced different amounts
of hydroxyl radicals and followed the order eri-
onite > mordenite > zeolite Y. We attribute the
differences observed between the three zeolites
as arising from different coordination of the
iron on the zeolite surface. The biological
implication of this study is that the size (sur-
face area) of the mineral rather than its struc-
ture is the determining factor for the oxidative
burst upon phagocytosis, whereas the structure
of the mineral plays a key role in determining
the production of iron-mediated hydroxyl rad-
icals via the Fenton reaction.
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